Resonance frequencies of the vocal tract have traditionally been modelled using onedimensional models. These cannot accurately represent the events in the frequency region of the formant cluster around 2.5-4.5 kHz, however. Here, the vocal tract resonance frequencies and their mode shapes are studied using a three-dimensional finite element model obtained from computed tomography measurements of a subject phonating on vowel [a:]. Instead of traditional five, up to eight resonance frequencies of the vocal tract were found below the prominent antiresonance around 4.7 kHz. The three extra resonances were found to correspond to modes which were axially asymmetric and involved piriform sinuses, valleculae and transverse vibrations in the oral cavity. The results therefore suggest that the phenomenon of speaker's and singer's formant clustering may be more complex than originally thought.
Introduction:
Cavities of the vocal tract play an important role for the timbre of human voice. It is known that the two lowest resonance frequencies of the vocal tract are responsible for creating the formants F1 and F2, which mainly determine vowels, see e.g. (1) (2) . The role of the third formant F3, in distinguishing vowels and vowel categories, varies between languages; see e.g. (3) (4) . In general, the higher vocal tract resonances, forming the formants F3 and higher, contribute to the individual voice quality. While the study of vowels has received a lot of attention in the past, the research on voice timbre, related to the upper formants, has been more limited. It has focused on voice quality in classical or other types of singing (5) (6) and in speakers (7) (8) (9) . Recently, the role of upper formants has been studied in relation to the effects of vocal exercising and voice therapy applying phonation into a tube or a straw. In our former study, we have shown that the shape of the vocal tract does change during and after performing vocal exercises by phonating into the so called resonance tube (10) .
This study builds upon the former study and addresses the following questions: "Which vocal tract resonances and how many of them play a role in the resonant voice quality after vocal exercising?" and "Which mode shapes are responsible for these resonances?" We can note that a formant can be understood as an excited acoustic resonance.
Traditionally, five formants have been described in the frequency range up to 5 kHz. These five formants have traditionally been studied using the simple one dimensional (1D) models of the vocal tract created by concatenated cylindrical or conical tubes. Such models are very useful in analyzing the acoustic resonances of the vocal tract when the longitudinal plane wave propagation is the dominant mechanism for transferring the source signal from the vocal folds to the lips, see e.g. (1, 2, 11) . However, at frequencies over 3 kHz the simple 1D models of the vocal tract cannot fully capture the acoustic phenomena: the acoustic mode shapes of vibrations may become axially asymmetric and transverse modes can arise, which may influence the individual timbre of human voice (12) (13) (14) . The formants around 3 kHz are important for individual characteristics of professional voices, i.e. especially for speakers and singers. A cluster of resonances around 2-3 kHz, i.e., the so-called "singer's formant cluster", has been found in classically trained (male) singing voice (5, 7, 15) , and a cluster between 3 and 4 kHz has been described to build up the so called "actor's or speaker´s formant cluster" in a good speaking voice (7, 8, 16) .
New methods of mathematical modeling enable to model the voice production in the higher frequency range using more realistic three-dimensional (3D) models. Following the pioneering studies of, e.g. Lu et al. (17) , and Motoki (13) , such models were recently 3 developed, e.g. by Vampola et al. (10, 14) using the finite element (FE) method, or by Takemoto et al. (18) using the finite difference modeling approach. Experimentally the higher frequency range up to 10 kHz was studied on physical models of the vocal tract for Japanese vowels by Honda et al. (19) and Kitamura et al. (20) . These authors were mainly engaged in description of dips in the resonant characteristics of the vocal tract due to the existence of the piriform sinuses and valleculae and transversal modes in the mouth cavity.
Here, we present FE modeling of the acoustic mode shapes of vibration and the radiated pressure in front of the mouth focusing on the effects of nonsymmetrical 3D acoustic modes of vibration in the frequency range up to 8 kHz. The FE models of the vocal tract were created from the Computerized Tomography (CT) measurements.
Material and Method:
CT and acoustic measurements:
The CT data were obtained using the Light Speed VCT GE -64 (General Electric) device. A trained female speaker volunteered as subject of the study. She signed a consent form allowing the CT examination to be performed. In order to obtain the best representative samples of the speaker's most resonant speaking voice, the CT scanning was carried out after the subject had been phonating for some minutes into a resonance tube (made of glass, length 28 cm, inner diameter 7 mm), which aimed at reaching the best-possible speaking voice quality. When performing the examination, the subject was given a sign through the CT intercom system to start phonating. The subject performed the phonation into the tube first and then immediately continued by phonating on the vowel [a:] for ca. 4 s without the tube.
The CT scanning occurred immediately after the subject started the second phonation. The midsagittal and corresponding coronal and transversal slices obtained from the CT measurements are shown in figure 1.
Insert Figure 1 Then, LPC formant analysis was performed tracking the formants during the course of the two repeated sustained vowels (frame length 25 ms, frame advance 10 ms, autocorrelation 4 analysis method using a 16 th filter order, Blackman window and pre-emphasis of 0.9). The LPC numerical data were exported as text files. Since the ambient noise in the CT room (signal to noise ratio 9.8 dB) caused random disturbances in tracking the LPC formants, the approximate average frequency of each of the formants was evaluated by the maxima of histograms with 10 Hz bins created and plotted using the software Sigma Plot 2002 for Windows (v. 8.02) (see figure 8 later). More details on the CT and acoustic measurements can be found in (10) , where the same subject was studied before, during and after the vocal exercising.
Construction of the volume and finite element models:
The recorded CT images were first segmented and processed into 3D volume models of the vocal tract. The developed volume model is shown in figure 2, where the epilaryngeal airways, the piriform sinuses and the valleculae are clearly visible. Nasal cavities were not included in the model since the velar port was found to be closed in this subject after the resonant exercises, thus preventing the sound entering the nasal tract (10, 21) . 
Results:
Vocal tract resonances -the transfer function:
The acoustic pressure and the spectrogram of the response computed at the distance of 10 cm The piriform sinuses have been previously described as being mainly responsible for the vocal tract antiresonance peak which occurs as the spectral minimum around 5 kHz (18) (19) (20) .
The current data show, however, that the piriform sinuses can also produce spectral maxima at frequencies below this antiresonance. These can positively contribute to the build-up of the formant cluster in the frequency range of 3-5 kHz. This agrees with the Sundberg study (5) on generation of the singer's formant peak considering wide piriform sinuses as one of the necessary conditions which must be met. In technical terms, the piriform sinuses act as the "pole-zero" pair. The amplification of the spectral components at the frequencies below the spectral minima could also be detected in the results of other authors but without receiving specific attention (e.g., (18, 19) ).
Our data also show that the left and right piriform sinus are not symmetric in the examined subject and therefore the resonance peaks split in two (see the acoustic mode shapes for the resonances R6 and R7 in figure 9 ), occurring as two extra formants in the sound spectrum (see figures 5b and 6). Furthermore, a closer look at the acoustic modes of vibration in figures 9 and 10 reveals that valleculae are involved in the resonances R4, R8 and R10, making the resulting modes rather complex. The cluster created by the resonances R4-R8 is enhanced by the first transversal mode of vibration (R5) which has a low damping and its importance is growing in time (see the spectrogram in figure 5b ).
In this pilot study, we have studied only a single vowel [a:] in a single subject. Interindividual differences in the cavity sizes will change the frequencies of the vocal tract resonances and antiresonances. These will be altered also by different vowels. Further studies are therefore needed to justify the results of the case study presented here. Nevertheless our data provide a strong evidence that: 1) the 3D complexity of the vocal tract causes additional formants to appear in the frequency range up to 5 kHz which are not observed in simple 1D models, and 2) the side branches of the vocal tract such as the piriform sinuses and vallecullae do not only cause spectral minima but can become also valuable contributors to the formant cluster around 3-5 kHz. Since the human hearing threshold is relatively low around 3-5 kHz (24, 25) , the sound energy concentration around the 3.5-4 kHz (R4-R8) region can be useful to assure maximum audibility of the produced sound and individual voice timbre. This can play an important role in communication both from the point of view of production and perception.
Conclusion:
Up to eight vocal tract resonances (formants) were found below 5 kHz. The lower resonances R1-R3 (and to some degree also the resonances R4 and R8 correspond to the classical longitudinal vibration modes, which can be obtained also with 1D vocal tract models. For higher resonances, however, more complicated asymmetric and transversal 3D modes of vibration are prominent, which require a 3D modelling approach. While piriform sinuses and valleculae cause antiresonances appearing as spectral minima at the frequencies above 5 kHz, they also resonate and add energy in the region of the speaker's or singer's formant cluster around 3-5 kHz. As such these side cavities of the vocal tract may serve as valuable contributors to the resulting voice quality. 
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